Confusions in vowel quality and in speaker sex for whispered and phonated versions of the long vowels of Swedish have been analysed. The recognition rate was higher than that obtained in other studies, and this is attributed to the use of real words (letter names). The recognition of vowel quality was observed to interact with that of speaker sex in the whispered versions, but not in the phonated ones. The paper also reports on F" and the frequency positions of the first three formants, and their dynamics, as well as on the overall spectral shape of the vowels. Intrinsic pitch and the observed upward shift of the lower formants in whispering as well as the spectral level differences agree largely with those found in other languages. Discrepancies and similarities with previous descriptions of the Swedish vowels are discussed.
Introduction
The periodicity that characterises phonated speech, and the repetition frequency of the glottal pulses by which this periodicity is brought about, are known to carry several types of information. First, there are large differences in this repetition frequency, commonly referred to as Fo, associated with between-speaker differences in age and sex. Further, F. and the extent of its variations in speech are affected substantially by emotional factors and by variations in the speaker's attitude and choice of vocal effort and 'voice mode'. In addition to the variation due to these extra-linguistic and paralinguistic factors, prosodic variations in F. are associated with several types of linguistic distinctions. In all languages, certain patterns of F. movements are associated with syntactic units larger than the word. In addition to this, in many languages lexical distinctions between words or even phonetic distinctions between syllables are associated with different F. contours.
Whispered speech has attracted the attention of investigators mainly because in whispering speakers do not give listeners an F. cue to any of these distinctions. It has, however, been shown that listeners presented with whispered speech are still able to perceive, albeit with reduced precision, the linguistic distinctions that are normally cued mainly by F. [Meyer-Eppler, 1957; Jensen, 1958; Miller, 19611. It has also been possible to draw certain conclusions about the contribution o f F" to the perception o f speaker sex [Schwartz, 1968; Schwartz and Rine, 1968; Lass et al., 1976; Bennett and Weinberg, 1979; Bennett and Montero-Diaz, 19821 and speaker age [Linville and Fisher, 1985; Jacques and Rastatter, 1990; Traunmiiller and van Bezooijen, 19941 Emanuel, 1984a, b, 1985; Tartter, 19911. Kallail Tartter's study (92% and 81.6% for phonated and whispered, respectively) than in that by Kallail and Emanuel (85% and 63%) . The difference is evidently due to a lack o f naturalness in the stimuli used in the study by Kallail and Emanuel 119851 [Zemlin and Monson, 19841 . The airflow is large and persistent, since the open glottis presents little impedance.
and Emanuel investigated the perception and the acoustic properties (formant frequencies and levels) o f the five American English vowels /i/ /re/ /A/ /a/ / U / , sustained for 3 s in whispering and in the phonated mode by male and female speakers. Tartter [l9911 investigated the perception o f the whispered and phonated versions o f all the American English vowels embedded in /hVd/ syllables, and listeners' ability to pair whispered versions with the phonated versions produced by the same speaker (3 male, 3 female). The proportion o f vowels perceived as intended by the speaker was higher in

. The stimuli used by Tartter were all real or potential words o f English, while those chosen by Kallail and Emanuel had atypical durations and only one o f them occurred as a real word. Whispered speech differs from phonated speech in the way in which the vocal tract is excited during speech production. While phonated speech is produced with vibrating vocal folds inducing periodic variations in airflow and pressure, whispered speech is produced with abducted vocal folds, whereby the vocal folds are prevented from vibrating
Besides this physiological difference at the glottal level, there are probably also some differences at the supraglottal level. The published formant frequency data show the frequency positions o f the first three formants to be higher in whispered than in the phonated vowels [Peterson, 196 1 ; Kallail and Emanuel, 1984a, b] . The frequency differences observed by Kallail and Emanuel [1984a, b] [Schulman, 19891 . The raised formant frequencies could be accounted for in this way, but we are not aware o f any actual measurements o f jaw position in whispered speech.
It is well known that listeners are highly successful in identifying speaker sex from presentations of isolated phonated vowels. Schwartz and Rine 119681 have also shown that listeners are able to discriminate speaker sex in isolated whispered presentations of /i/ and /a/. Although the voice fundamental, Fo, has been shown to be the dominant cue for this distinction [Lass et al., 19761 , the frequency positions of the formants. which are higher in female than in male speech, constitute a cue of similar perceptual weight. that is retained in whispering. Unfortunately, Kallail and Emanuel 119851 conducted their listening test separately for male and female speakers, so that no data on discrimination of speaker sex were obtained.
The present study includes an acoustic analysis of the whispered and phonated versions of the nine long vowels of Swedish, as produced by adult male and female speakers. In addition, the perceptual confusions will be studied in these four sets of vowels, with respect to both phonetic quality and speaker sex. The acoustic data chosen for analysis include the formant frequencies. F. (in the two phonated sets), and the difference in spectral shape between the source signals. This is what is required in order to be able to synthesise whispered vowels and to perform an automatic transformation between phonated and whispered vowels, using, e.g., linear predictive coding techniques. Since the results also provide a description of the acoustic differences between adult male and female speakers, they can also be used in synthesising female speech on the basis of male input data, and vice versa. The results of the acoustic analysis and the perceptual confusions will be relevant to theories of speech perception.
Speech Materials
Sp'ul(cr.s The speech matcrinl used in the present investigation was produced by 12 speakers, 6 men and h women. Their ages ranged between 20 and 58 years. All subjects had normal speech and had lived all their lives in the greater Stockholnl area. Five of the subjects were phoneticians or students of phonetics at the Department of Linguistics. The others had not studied linguistics and had no other connection to the departmcnt.
Sl~e(,c'h Sun~ples
The speech material consisted of the names of the nine letters which are used in Swedish orthography to represent the vowels. With the exception of a, the names of these letters are pronounced as the long vowels usually represented by the letter in question. The name of the letter a is pronounced as [X], which is the usual pronunciation of the phoneme /E/, represented by the letter U , when followed by /r/ or any retrotlex consonant. In other positions. however, this phoneme is commonly pronounced as [E] . Several of the vowels are produced with some diphthongisation.
The subjects produced three phonated and three whispered versions of each vowel. The vowels were read in the following order:
This was repeated three times with phonation and three times whispering. The last vowel /o/ was added as a dummy in order to avoid any phrase final phenomena in the set of vowels that was to be subjected to acouatic analysis and to be used in the following perception experiment. The subjects were instructed to produce the vowels at a comfortable rate. To give them a model, the experimenter read some vowels with a duration of approxin~ately 0.5 s, separated by pauses of approximately I s.
Rec.or.rli17,q P~nc,clrlrrr.r The recordings were made in an anechoic chamber. The microphone (Sennheiser MKE?) was attached to a headset without headphone function and which did not cover the speaker's ears. The headset facilitated the maintenance of a constant distance between the microphone and the subject's
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Phonetics I Y Y 7 ; 5 1 : 1 2 I lips. After amplification, the speech signal was recorded on a digital audio recorder, at a sampling frequency of 48 kHz. For computer processing, the speech signal was low-pass-filtered at 6.3 kHz before being digitised at a sampling frequency of 16 kHz using 16 bit/sample. Each vowel was stored in a separate file in order to allow presenting them in random order to listeners.
The subjects read the vowels from a list with the corresponding orthographic symbols. They practised producing vowels in both modes before the recordings started. The number of vowels recorded was 720 in total, but only 648 of them were subjected to analysis, since the last /@/ in each reading was excluded. In the process of analysis it was observed that two of the speakers, one male and one female, had produced some of their 'whispered' vowels with vocal fold vibration. It was decided to disregard all the vowel samples obtained from these two speakers. After elimination of these, there remained a total of 540 stimuli (3 productions of 9 vowels in 2 modes by 10 speakers) to be analysed in detail and used in a perception experiment.
Identification Experiment
Method
The panel of listeners consisted of 10 subjects, 5 male and 5 female. All of them had grown up in the greater Stockholm area, and reported having normal hearing. Ages ranged from 19 to 48 years. All but one subject had completed at least the basic course in linguistics at the Department of Linguistics, and all had previous experience of using a computer mouse.
A specially designed response collection program was used for the listening test. The subjects were tested individually. They sat in a small room and heard the stimuli through headphones. After the presentation of each stimulus, the subjects were asked which vowel they had heard, and whether it had been produced by a man or a woman. They had to mark their answer on the computer by clicking on a 'response sheet' on the screen. When they had done this, the next stimulus was presented. The screen was divided into two fields by a vertical line. In both fields, the vowels were shown as capital letters ordered alphabetically in three rows. In the left field, there was a heading saying 'Male vowels', and a single dash was shown on both sides of each letter. In the right field. the heading indicated 'Female vowels', and there was a double dash on both sides of each letter. The stimuli were presented in a new randomised order to each listener. The responses were stored together with the 'correct' ones in a separate file for each listener.
The whole listening test took approximately 1 h, and it was divided into two parts with a break in between. During one part, the phonated vowels were presented and during the other the whispered ones. The order of presentation of the two parts was alternated in order to counterbalance possible learning effects. At the beginning of each part, four stimuli were presented in a test run. The responses to these stimuli were not evaluated.
Results
The identification results for the phonated vowels produced by male and female speakers are shown in the four confusion matrices assembled in table 1. The table gives an overview of the success of the listeners in recognising the sex of the speaker as well as the phonetic identity of the vowels. Table 2 shows the results obtained with whispered vowels in the same way. In these and in all following tables, the vowels are listed in decreasing order of the average sum of their formant frequencies F, + F2 + F3.
The phonated vowels produced by men were identified correctly in 95.9% of all cases. For those produced by women, the corresponding figure was 94.7%. Whispered vowels were identified correctly in 86.9% and 89.1% of all cases when produced by men and women, respectively.
As can be seen in tables 1 and 2, there are large differences between vowels in the extent to which they tend to be confused. Confusions occur most frequently between vowels that are close to each other in the vowel space defined by F,, F2 and F3.
In some cases, the vowels were not identified correctly by a majority of listeners. However, in such cases the listeners typically agreed in their identifications. All these tokens should therefore be considered as wrongly produced rather than wrongly perceived, and so they have not been included into the acoustic analysis. By inspection of the numbers of stimuli listed in table 4, it can be seen which vowels were affected.
The bottom left and top right matrices in tables 1 and 2 contain the cases in which speaker sex was confused. In both modes of production, the error rates for speaker sex were substantially lower than those for vowel identity. With phonated vowels, there were only 38 cases of sex confusion among 2,700 responses. With whispered vowels, sex was confused in 244 out of 2,700 cases. Thus, the overall recognition rate for speaker sex was 98.6% for phonated vowels and 9 1 .O% for whispered vowels. Cases in which confusion occurred in speaker sex as well as in vowel identity were only observed for the whispered vowels. There were 61 such cases.
Discussion
As could be expected, the between-listener agreement in labelling performance for vowel quality as well as for speaker sex was higher for the phonated versions than for the whispered ones, for which it was still quite good. The error rates in vowel identification were not only substantially lower than those obtained by Kallail and Emanuel [1985] , but also lower than those obtained by Tartter 119911. In the study by Kallail and Emanuel 119851 the proportion of correct identifications was 82.5% and 64% for phonated and whispered vowels, and Tartter [l99 l ] reported 92% and 8 1.6%, respectively, while the corresponding values in the present investigation turned out to be 95.3% and 88.0%.
The discrepancies between these investigations are probably due to several differences in the designs of the experiments. Tartter 119911 criticised the study by Kallail and Emanuel [l9851 on the grounds that they had used unnatural vowels produced in isolation. Kallail and Emanuel had also added extra phonemes for the listeners to choose from, thus giving them a chance to make additional errors. It has been claimed that vowels are more easily recognised in a consonantal context than in isolation [Shankweiler et al., 19771 . Tartter had embedded her vowels in an [hVd] context, thus providing this kind of context. The present results, however, demonstrate that isolated vowels. no matter whether they are monophthongs or diphthongs, can be identified very well when they happen to be genuine words. Only words occur naturally in isolation, and we believe this to be the crucial factor rather than the presence of a consonantal context. The stimuli used in the present experiment included nothing but the ordinary names of letters, all of which constitute words familiar to everybody. We attach no significance to the fact that the language used in the present study was Swedish, while that used in the studies just referred to was English. We predict that similarly high recognition rates can be obtained In an experiment using the English names of the letters a, e , i, o, r-, and U .
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As for recognition of speaker sex, the results of the present study are qualitatively similar to, but considerably better than those obtained by Lass et al. [1976] , who reported 96% correct classification of speaker sex for phonated vowels and 75% for whispered vowels, as compared with the present 98.6% and 9 1 %. It is not clear to us why the recognition rates obtained by Lass et al. [l9761 were lower. The set of stimuli was probably not optimally chosen for the recognition of vowel quality. This might negatively affect the recognisability of speaker sex. The present results allow us to answer the question whether there is an interaction between recognition of vowel identity and of speaker sex.
Let us first take a look at the results obtained with the whispered stimuli. Among those for which speaker sex was perceived correctly, vowel quality was confused in 5.2% of 2,456 cases. In the 244 cases in which speaker sex was misperceived, this proportion was 25.0%. Thus, whispered vowels have a better chance of being identified correctly when speaker sex is recognised correctly. The confusions occurring in cases in which speaker sex had been misperceived were clearly biased, as can be seen in table 2. For male speakers perceived as female, nearly all confusions (23 out of 24 cases) went towards vowels with lower formant frequencies. For female speakers perceived as male. the bias was in the opposite direction (3 1 out of 37 cases). Since the formant frequencies in vowels produced by women are higher than those in the same vowels produced by men. this is in line with what could be expected when listeners confuse the acoustic variation due to a difference in speaker sex with that due to a difference in vowel quality.
We also observed that among the whispered vowels which had been identified correctly, speaker sex had been confused in 7.3% of 2,512 cases, but in the l 88 cases in which the vowel had been identified incorrectly, this proportion was 32.4%. We conclude that in whispered vowels, misperception of speaker sex conditions a substantial risk of misperceiving vowel quality, and misperception of vowel quality conditions a substantial risk of misperceiving speaker sex.
The results obtained with phonated vowels were, however, quite different. Among these 2.700 cases, there were 127 cases (4.7%) of incorrect vowel identification and 38 cases (1.4%) of misperceived sex, but not even a single case in which vowel quality and speaker sex were both confused. If there was no interaction, we would expect 1.8 such cases in this sample. Because of the smallness of this number, we cannot be confident that there is an interaction in the opposite sense of that observed in whispered vowels, but we must reject the hypothesis that the interaction is the same. In phonated vowels, misperception of speaker sex does not increase the risk of misperceiving vowel quality, or vice versa.
Within the frame of theories of speech perception which assume that listeners discriminate between cues to the personal and the phonetic quality of speech sounds in a process of normalisation [Rosner and Pickering, 19941 or demodulation of the speech signal [Traunmiiller. 19941 , the present results can be understood if it is assumed that this is a peripheral 'bottom up' process that works in a highly efficient way for phonated vowels, while it does not work as reliably for whispered vowels.
Since the most prominent spectral difference between phonated and whispered vowels consists in the presence, in the former. of pulses whose repetition frequency, Fo, clearly differs between the sexes, we can safely conclude that, in phonated speech, our listeners relied mainly on F,, in classifying the speakers, which explains the smallness of the number of sex confusions obtained in this mode. However, it appears likely that listeners would not have attached so much weight to F" if the set of stimuli used had contained substantial variation in F. conditioned by additional linguistic or paralinguistic factors. When such variation is present, the reliability of F" as a cue to sex decreases while that of the frequency positions of the formants above Fz remains.
As for the perception of vowel quality, the present results tell us that listeners are largely successful in extracting the phonetic information from the speech signal, normalising or demodulating it in an appropriate way. However, the contribution of F. was not as large in this process, since the improvement in vowel recognition in the phonated vowels as compared with the whispered ones was not nearly as large as that in the recognition of speaker sex. It has been suggested that F,) might contribute indirectly to the perception of vowel quality in that it provides a cue to speaker sex [Johnson. 19901 . The absence in our data of any vowel confusions in cases in which speaker sex was confused is an argument against this hypothesis.
Acoustic Analyses
Method Before the acoustic analysis was performed, all stimuli were high-passed with a cut-off frequency of 70 Hz in order to remove some low-level low-frequency noise that originated in the ventilation system of the building. Subsequently, the signals were subjected to LPC analysis, using 18 retlection coefficients. A Hamming window with a width of 100 ms was centered at a point 5% into the duration of the vowel and it was subsequently moved forward in steps of 10% of the total duration of each vowel. In order to obtain optimal conditions for formant tracking. it was decided to pre-emphasise both phonated and whispered /D/ and /z/ from 1,920 Hz. All other phonated vowels were pre-emphasised from 960 Hz while none of the other whispered vowels were pre-emphasised. After the LPC analysis had been completed, the obtained formant frequencies were checked manually using the program package ESPSWaves. This made it possible to track the formants and to 'reshape' their course with the computer mouse. Corrections were made for approximately a quarter of the stimuli, mostly for the reason of evident formant confusions produced by the automatic analysis.
F. was measured on the same sample as the phonated formant frequencies, using ESPS software. The mean was calculated for each vowel and sex.
The spectral energy distribution in the recorded speech signals was analysed by measuring the signal levels in 10 frequency bands. Each of the bands covered 3 Barks, as specified by Zwicker [l9611 and as listed in table 3. The band-pass filtering was done by low-pass filtering and subsequent high-pass filtering using Butterworth filters of the 8th order. Finally, the rms-value of the amplitude was measured in each frequency band for each vowel.
Vowels that were not identified correctly by at least 5 of the 10 listeners in the perception experiment have been excluded from all the acoustic analyses. Figure 1 shows tracings of the first three formants in all nine vowels as produced by male and female speakers in each of the two speech modes. The mean values shown in these tracings were calculated for each of the 10 intervals of measure-
Results ofthe Formant Frequency Measurements
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Phonet~ca 199754: 1-21 ment over all tokens of each vowel produced in the same mode by speakers of the same sex. While figure l shows the movement of the formants as a function of (relative) time, figure 2 shows the movement of the first two formants in the plane defined by these formants, with the co-ordinates scaled in Barks. In order to convert frequency (in Hz) to critical band rate (in Barks), the equation z = 26.8 l [l/(f-1960)l -0.53 was F2 (Bark) used [cf. Traunmiiller. 19901 . Each of the data points for the 10 time intervals is connected by a line with its neighbours. This makes it possible to follow the time course as well. Figure 2 is based on the phonated versions produced by the male speakers only. Tracings based on the data obtained from the female speakers and the whispered vowels look similar, but they contain more statistical noise.
Percent of total duration
Both figures 1 and 2 show the degree of diphthongisation of the long vowels of Swedish. /D/ and /z/ are the only plain monophthongs among these. The mid vowels /o/,/o/, /e/ show pronounced movement of F, and F?. The four high vowels, in particular /U/ and /U/, are also diphthongised but in a different manner. Figure 3 shows the mean positions of FI and F: calculated over the entire duration of each vowel as produced by men and women in each mode. The co-ordinates are scaled in Barks, as in figure 2, but here formant frequencies increase from the lower left corner. There is some similarity in the formant frequency change observed when comparing female with male speakers, and whispered with phonated speech. In figure  3 . however, the difference between these transitions can be seen. The lines in the left diagram illustrate the relationship between female and male speakers, in both speech modes. The right diagram illustrates the relationship between whispered and phonated speech, for both sexes. There is a compression of the spectrum in the whispered compared to the phonated productions. In the female-male comparison. there is no such compression. While the first two formants in the spectrum of feniale speakers are raised by approximately the same amount, expressed in Barks, F , is raised more than FZ in whispered speech, which results in a smaller vowel space.
In table 4 the mean values of the forrnant frequencies are listed for phonated and whispered vowels produced by men and women. The mean was first taken over the ten points of measurement in each stimulus. then the mean for each speaker and finally for all male speakers and all female speakers, respectively. The maximum number of stimuli that the total mean could be calculated on was 15 (3 productions by 5 speakers), but for some vowels, the actual number was lower since some tokens did not pass the listening test. In table 5 the frequency differences between the same formants in whispered and phonated vowels are listed in hertz and as a percentage of the formant frequency value in the phonated version. For both sexes, the formant frequencies tend to be higher in the whispered vowels than in their phonated counterparts. Only for F3 were there a few exceptions. Expressed in hertz, the differences were sometimes larger for F2 than for F I . Expressed as a percentage, they were, however, always larger for F I . The mean differences for the three formants in the vowels produced by men and women were 133 Hz or 31% for F,, 129 Hz or 12% for F?, and 82 Hz or 3% for F3.
Figures 4 and 5 show the average increase of the logarithm (base 10) of the frequencies of the formants F I , F2, and F3 in the whispered as compared with the phonated versions, and in female speech as compared with male speech, respectively. The data are plotted against the logarithm of the frequencies of these formants in the phonated and male versions, respectively. In figure 4 , the single regression line fitted to the male and female data without sex discrimination can be said to describe both sets of data fairly well. There is a highly significant negative correlation between A log(F,) and log(F,). In figure 5 , there is no significant deviation from a uniform upscaling of the formant frequencies.
The equations describing regression lines, such as those shown in figures 4 and 5 but calculated separately for each sex, are listed in table 6 together with the correlation coefficients and the power functions which allow the calculation of the formant frequencies in the whispered versions when those in the phonated versions are known. Table 6 contains these figures for the present data and for those obtained by Kallail and Emanuel [1984a, b] .
Discussion ofthe Formant Frequency Measurements
The present results of the formant frequency measurements for the phonated vowels produced by men and by women were similar to unpublished data obtained by Karlsson and Stiilhammar [1972] , from 10 speakers of each sex, but a comparison with the data obtained by Fant [l9591 from sustained vowels. judged to be good representatives of Swedish vowels, produced by 7 speakers of each sex, shows considerable differences. Most noticeably, Fant's values obtained for F I In the close vowels were consistently lower. Overall, Fant's [l9591 data appear to describe a set of exceptionally 'good', i.e. hyperarticulated, vowels rather than typical representatives of each type.
According to Elert's [l9891 description of the diphthongisation of vowels in this dialect of Swedish, diphthongisation should result in a formant frequency movement substantial, although not in the direction of /a/, but consistently in the direction of a more open quality. For the close vowels /i/, /y/, /H/, and /U/, the formant movements were not quite as substantial as might be expected on the basis of previous descrip-tions, but Elert's [l9891 transcription of these as [i:j3 y:q%:Pb:P"] is compatible with our observations. In agreement with Elert [l 9891, we believe that the diphthongisation is likely to be less pronounced in unstressed position. The letter names recorded in the present investigation should all be considered as stressed and their durations were considerably longer than is usual in other contexts. We have the impression that speakers mainly prolonged the first part of the vowels, so that, in shorter versions, the formant movement would start earlier in relative terms.
The published formant frequency data show the frequency positions of the first two or three formants to be higher in whispered vowels than in the phonated versions [Peterson, 196 1 : Kallail and Emanuel, 1984a . bj. The frequency differences observed by Kallail and Emanuel [1984a, b] were, on average. 147 Hz for F I , 70.6 Hz for F?, and 45.5 Hz for F?. which are similar to our values of 133, 129, and 82 Hz. An analysis of the formant frequency increase observed in other investigations of speech with substantially increased vocal effort resulted in similar values [cf. Traunmuller. 19881 . The present data lend further support to the hypothesis that the increase of the formant frequencies in whispering is mainly due to similar modifications in articulation, involving an increased lowering of the jaw, a raising of the larynx, and probably decreased cross-sectional areas of the vocal tract at places where the area function has a local minimum.
Apart from the difference between whispered and phonated vowels, the present study is at variance with previous observations concerning the difference between male and female speech. It has been observed that both F I and F? in vowels produced by women tend to have more extreme values than those produced by men, so that the difference cannot be described satisfactorily by a single scale factor, and this has been found to hold for Swedish as well as for several other languages [cf. Traunmuller. 19881 . However, the results of the present investigation do not show the formant frequencies of the female speakers to be more extreme than those of the male speakers. As yet, we are unable to suggest any explanation for this.
Rrsrrlts and Disr.ussion efthe F. Meusurenzents
The mean values obtained for F(, in the vowels produced by men and by women were 109.4 and 206.2 Hz, respectively. However, for both speaker categories we can observe a clear between-vowel difference in Fo, that is comn~only referred to as 'intrinsic pitch'. The extreme values of F,, were obtained for /D/ (lowest) and /i/ (highest). These values were 101 and 129 Hz for male speakers and 188 and 232 Hz for female speakers. The magnitude and intrinsic pitch differences associated with vowel height, are compatible with observations in a large number of studies involving many languages [Whalen and Levitt, 19951. In figure 6 , the mean value of F() is plotted against that of FI for each of the vowels produced by men and women. In this figure, FI and F. are both scaled in semitones. When presented in this way. the intrinsic pitch effects observed in the two speaker categories look similar.
The average values obtained for F. in the vowels produced by men and by women are very similar to those obtained by Fant 119591. However, in his data, the intrinsic pitch differences are only half as large among women and hardly discernible among men. This can probably be attributed to the not quite natural way in which the vowels were produced. The subjects were asked to sustain the vowels at a constant pitch for as many seconds as it took for the measurements to be made. 
Results and Discussion ofthe Level Mec~srrr-ements
While Kallail and Emanuel [1984a, b] had measured the levels of the formants F1, F*, and F?, we have chosen to measure the levels across the entire spectrum, with a moderately low resolution bandwidth corresponding to 3 Barks (see table 3 ). This was done in order to cover the entire frequency range more systematically. The bandpass filtering resulted in an emphasis of the frequencies in the vicinity of half the sampling frequency. In order to correct for this, a synthetic white noise signal, with a duration of 5 S, was subjected to the same kind of filtering. The levels measured in this signal after filtering were subsequently used as a reference. Figure 7 shows the results of the level measurements expressed in a logarithmic measure of spectral power density per frequency unit, against an arbitrary reference level, after correction for the unwanted emphasis, but without correction for the nonrectangular frequency response of the bandpass filters. This is plotted against the logarithm (base 10) of the centre frequency of each pass band. The scale covers the frequency range from 100 Hz to 10 kHz. Straight lines have been drawn between the data points in neighbouring pass bands. In order to obtain the mean values shown in the figure, the mean was first calculated for each speaker's three tokens of each vowel. After that, the mean was taken over all vowels for male and female speakers separately.
The female-male difference that can be seen in figure 7 agrees with what could be expected on the basis of previous investigations. There is an overall shift of the two shoulders in the spectral envelope, which reflects the female-male difference in the formant frequencies. When correcting for this frequency shift, it can, however, be seen that components above 2.15 kHz are slightly weaker in female speech. If the difference between female and male glottal source signals could be described fully by their period, the upper slope of the envelope should be shifted upwards in proportion to FO(female,/FO(male). Our data show this not to be the case, and they agree at least qualitatively with those obtained by Monsen and Engebretson [1977] .
The overall average signal levels observed for female speakers in the phonated versions turned out to be almost identical with those observed for male speakers, but we cannot be confident in the validity of this result, since the distance between the microphone and the speakers' lips had not been controlled precisely. In figure 8 , the level differences between whispered and phonated vowels are plotted for male and female speakers against log(0, as in figure 7. Before averaging over all the vowels, the level differences were measured for each vowel. Although there were slight differences between them, averaging over all vowels appeared justified, since we observed no consistent variation. There was, however, a small but consistent difference between men and women that can be seen in figure 8. The absolute difference between the two modes is for the lower frequencies slightly larger for women than for men. Most of this difference can be explained on the basis of the reasonable assumption that the spectrum of the noise source effective in whispering is shifted upwards in frequency in the whispers produced by women as compared with those produced by men to the same degree as the formant frequencies. The result shows the signal level in the region of FI to be much weaker in whispering than in phonated speech. Most of the difference in the energy distribution between the two modes can be attributed to the difference between the spectra of the source signals and to the damping that affects the aperiodic source signal by the coupling to the subglottal cavities when the glottis is open. The difference in the formant [1989] , of the level differences obtained for male speakers by Kallail and Emanuel [1984b] gave a result quite similar to that of the present investigation.
Conclusions
The analysis of the confusions in vowel quality and in speaker sex occurring among whispered and phonated versions of the long vowels of Swedish highlights some facts which are important for our understanding of speech communication.
One of these is the importance of the word. Although the lack of data on the identification of Swedish vowels qua non-words makes a direct comparison impossible, the conclusion that words are more readily identified than phonetic segments that are not words, appears sufficiently safe against the background of the substantially higher error rates reported by Kallail and Emanuel [l9851 for their set of English vowels made up mainly of non-words. The lower error rates obtained by Tartter [l9911 for a set of [hVd] syllables can then be understood as due to the fact that most of these syllables represent real words. We believe that the presence of the consonants in these stimuli did not improve, but rather impaired the recognition of the vowels. This conclusion is tentative and motivated by the fact that the error rates obtained in the present study were not only lower than those reported by Kallail and Emanuel [l9851 but also lower than those in Tartter's [l9911 investigation. The validity of this hypothesis could be tested by comparing the recognition of the vocalic letter names of English with that of [hVd] syllables.
As for the observation of the strong interaction between the identification of vowel quality and speaker sex, we can be more confident. We observed that in whispered vowels, misidentification of speaker sex and vowel quality interacted with each other, while there was no such interaction among phonated vowels. This behaviour has to be accounted for by theories of speech perception and production.
The acoustic analyses cannot be said to have revealed any dramatic deviation from what could be expected on the basis of previous descriptions of Swedish or whis-
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Phonetics 199734: 1-2 1 pered vowels, but there were some discrepancies with previous descriptions of Swedish vowels in their formant frequencies and diphthongisation. The observed intrinsic pitch differences between the vowels were similar to those found in other languages.
The frequencies of the lower formants were found to be shifted upwards, in close agreement with the observations by Kallail and Emanuel [1984a, b] . The fact that this shift of the formant frequencies can be described quite satisfactorily in a general way that holds for all the vowels without distinction is of importance for theories of speech perception. It is compatible with the modulation theory [Traunmuller, 19941 accord- ing to which the phonetic information resides in the modulations of a carrier. Vowelspecific differences between the two speech modes could not easily be accommodated within the frame of this theory. This also holds for the gross differences in spectral level between the two modes.
The results of the acoustic analyses can be used for transforming phonated vowels into whispered vowels in speech synthesis. When using the LPC technique, this can be done by replacing the periodic source signal with white noise passed through a filter with the approximate shape shown in figure 8 and by modifying the formant frequencies in accordance with the appropriate equation from the list in table 6. This has been done previously, based on the data obtained by Kallail and Emanuel [1984a, b] , and with success [Traunmuller et al., 1989; Traunmuller and van Bezooijen, 19941 . The present results allow it to be done with some confidence in the cross-language validity of the transformation and with some further improvement in fidelity to nature.
